Mitral stenosis is most commonly due to rheumatic heart disease, even in western countries. Transthoracic echocardiography is the modality of choice for establishing diagnosis, underlying cause, assessment of severity, staging of disease, valve morphology and other associated lesions. Transesophageal echocardiography is recommended in patients considered for percutaneous balloon mitral valvotomy to rule out LA clot, significant MR and to better assess mitral valve morphology. Three-dimensional echocardiography is now increasingly used for estimating mitral valve area and suitability for percutaneous balloon mitral valvotomy. We provide a brief discussion on echocardiographic assessment of mitral stenosis.
MITRAL VALVE (RELEVANT ANATOMY)
Mitral valve or left atrioventricular valve is a bicuspid valve consisting of a larger anterior (aortic or septal) leaflet and a smaller posterior (mural or ventricular) leaflet. Although larger in surface area, the anterior leaflet attaches to only 1/3rd of mitral annulus, whereas the posterior or smaller leaflet attaches to rest 2/3rd of the mitral annulus. Both the mitral leaflets meet at anterolateral and posteromedial commissures. The anterior mitral leaflet is in fibrous continuity with aortic valve through the aorto-mitral curtain.
Both the leaflets of mitral valve are supported by two groups of papillary muscles, i.e. anterolateral and posteromedial groups via chordae tendinae. The chordae tendinae are fibrous chord like structures arising from papillary muscles and attaching on the under surface of mitral leaflets. Both the mitral leaflets receive chordae attachments from both the groups of papillary muscles. The chordae tendinae are further categorized into three groups: first order (attaches on the free margins of the leaflets), second order (insert few to several mm back from the free edge of the leaflets) and third order (insert at the base of posterior mitral leaflet only).
A few classification systems like carpentier, modified carpentier and modified duran have been introduced for uniformity in description of lesions and clear communication between different physicians managing the patient. [1] [2] [3] Carpentier system is most widely used and divides each mitral leaflet into 3 segments, i.e. A1, A2, A3 for anterior and P1, P2 and P3 for posterior mitral leaflet respectively. A1, P1 represent anterolateral segments, A2, P2 represent middle and A3, P3 represent posteromedial segments.
MITRAL STENOSIS (ETIOLOGY AND PATHO-PHYSIOLOGY)
Rheumatic heart disease is the most common cause of mitral stenosis, even in western countries. 4, 5 Rheumatic mitral stenosis is characterized by commissural fusion and leaflet thickening. There is characteristic doming of anterior mitral leaflet during diastole giving typical hockey-stick appearance (Fig. 1, Video 1 ). Calcification can be seen in chronic rheumatic disease and typically starts from leaflet edges, commissures and spreads to involve other parts of mitral valve apparatus. Subvalvular apparatus (chordae tendinae and papillary muscles) may also get thickened, fused and calcified in some cases. Senile calcific mitral stenosis is increasingly seen in western countries with aging population. It is seen more commonly in elderly females. It is a degenerative disease with calcification starting in posterior annulus and spreading to involve other parts of annulus and leaflets. It may be associated with senile calcific aortic stenosis. In contrast to rheumatic mitral stenosis, leaflet edges are usually free of disease in senile calcific mitral stenosis. Senile MS is rarely amenable to valve repair and will require valve replacement in severe advanced disease.
Other rare causes of mitral stenosis include inflammatory (e.g. systemic lupus erythematosus), carcinoid, infiltrative disorders and congenital mitral stenosis (Box 1). Severe MS leads to stagnation of blood flow in left atrium and predisposes to clot formation (Fig. 2, Video 2) . Left atrial appendage is the most common site for clot formation but may be seen in posterior wall of left atrium as well and may block pulmonary venous drainage in some cases. Loss of atrial contraction (atrial fibrillation) increase the frequency of clot formation while associated significant mitral regurgitation reduces the chances of clot formation. Left atrial enlargement is a common finding in patients with MS. Left atrial pressures increase as a result of decreased forward flow and is transmitted back on pulmonary vasculature and manifests as pulmonary hypertension. Tricuspid regurgitation may be due to rheumatic involvement of tricuspid valve but is more commonly functional as a result of increased right sided pressures (Fig. 3, Video 3) .
Normal mitral valve area is 4 to 6 cm 2 . Symptoms related to MS start appearing with exercise when mitral valve area is reduced to 1.5 to 2.5 cm 2 and at rest with mitral valve area less than 1.5 cm 2 . According to American
College of Cardiology and American Heart Association guidelines on valvular heart disease, patients with mitral stenosis are divided into 4 stages 6 ( Table 1) .
TWO-DIMENSIONAL ECHO ASSESSMENT
Two-dimensional transthoracic echocardiography (TTE) is class I recommendation (ACC/AHA 2014 guidelines for valvular heart disease) for establishing diagnosis, underlying cause, assessment of severity, staging of disease, valve morphology (suitability for balloon mitral valvotomy) and other associated lesions. 
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Assessing the Severity of Mitral Stenosis (Indices of Severity):
Pressure gradient (Box 2):
The estimation of the diastolic pressure gradient is Level 1 recommendation (combined American Society of Echocardiography and European Association of Echocardiography guidelines) for assessment of severity of mitral stenosis. 7 Pressure gradient is estimated by application of continuous wave Doppler across the mitral valve in apical 4 chamber view to measure higher velocities anticipated (Fig. 4) . As peak gradient across mitral valve may be influenced by compliance of both left atrium and left ventricle, mean pressure gradient estimation is recommended ( Table 2 ). The pressure gradient across the mitral valve may be affected by heart rate, cardiac output and associated mitral regurgitation. In case of atrial fibrillation, an average gradient of 5 cycles with least R-R variation and heart rate as close to normal should be calculated. 
Mitral valve area by planimetry (Box 3):
Planimetry method is also Level I recommendation (combined ASE/EAE guidelines on valvular stenosis) for assessing severity of mitral stenosis. 7 It is measured by tracing the mitral valve orifice in parasternal short axis view during mid-diastole (Fig. 5, Video 4) . This method is not influenced by flow conditions, compliance of chambers and thus considered better than other methods by some authors. However, it may not be practically feasible in patients with calcification involving leaflet tips. Also, care should be taken so that measurement plane is perpendicular to the mitral orifice and measurement taken at the level of leaflet tips. Three-dimensional echocardiography, if available is better to optimize measurement plane and level. [8] [9] [10] Box 3: Planimetry (key learning points) 
Pressure half-time (Box 4):
The estimation of mitral valve area using pressure half-time method is also Level I recommendation (combined ASE/EAE guidelines on valvular stenosis) for assessing severity of mitral stenosis. 7 The calculation of mitral valve area by pressure half time method is based on the principle that the decline of diastolic transmitral velocity is inversely proportional to mitral valve area. The time interval in milliseconds between peak early diastolic velocity to the point it reaches half maximum velocity is termed half time 11 (T 1/2 ) (Fig. 6) Although easy to perform, the estimation of mitral valve area by this method is influenced by early diastolic mitral pressure gradient and left atrial and left ventricular compliance. This method may not be reliable in patients with associate aortic regurgitation or in elderly patients with senile calcific MS and associated diastolic dysfunction. [12] [13] [14] 
Continuity equation (Box 5):
The calculation of mitral valve area by using continuity equation is Level 2 recommendation (combined ASE/EAE guidelines on valvular stenosis). 7 This method is based on the principle of conservation of mass, i.e. stroke volume across mitral valve is equal to stroke volume across left ventricle outflow tract (LVOT), assuming no mitral regurgitation or aortic regurgitation.
SV (MV) = SV (LVOT) MV area × VTI (MV) = LVOT area × VTI (LVOT) MV area = p(D 2 /4) × (VTI LVOT /VTI MV )
Where D is LVOT diameter in cm, VTI is velocity time integral in cm.
As multiple measurements are required for calculation, this method is more prone to errors. Note that LVOT diameter measurement is squared in the calculation, thus error in measurement is also squared in final calculations.
Box 5: Continuity equation (key learning points)
• Level 2 recommendation (ASE/EAE guidelines valvular stenosis).
• Based on conservation of mass.
• Prone to errors, because multiple measurements required.
• Not accurate in presence of MR, AR and atrial fibrillation.
Proximal isovelocity surface area (PISA) method (Box 6):
Proximal isovelocity surface area method can also be used for estimation of mitral valve area and is class II recommendation (combined ASE/EAE guidelines on valvular stenosis). 7 As blood converges towards an orifice, color Doppler imaging shows concentric shells of similar velocity which corresponds to Nyquist limit/aliasing velocity and can be read from the velocity color scale. Assuming no significant mitral regurgitation, blood flow across the PISA shell is equal to blood flow across the mitral valve. MV area = pr 2 × V aliasing /Peak V mitral where r = PISA radius, V aliasing = aliasing velocity at PISA shell read from velocity color scale, Peak V mitral = peak diastolic velocity across mitral valve This method is technically demanding and prone to errors because multiple measurements are required. Also, 
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an angle correction may be required in case the blood flow direction is not perpendicular to the direction of opening of mitral leaflets. 
Assessing Valve Morphology
Assessing the morphology of mitral valve in patients with mitral stenosis is important for planning the intervention required. Percutaneous balloon mitral valvotomy is class I recommendation for patients with symptomatic severe MS (Stage D) and favorable valve morphology. 7 Presence of more than mild mitral regurgitation, left atrium clot and severely calcified, thickened valve, significant subvalvular disease rule out the option of percutaneous balloon mitral valvotomy in MS patients. 15 A few scores have been described based on leaflet thickening, mobility, calcification and subvalvular thickening to assess the valve for percutaneous valvotomy. 16, 17 However, a detailed description of mitral valve apparatus morphology is more helpful in deciding the intervention of choice than relying on a single scoring system. Commissural fusion can be assessed in parasternal short axis view while leaflet thickening and mobility can be appreciated in apical 4 chamber and parasternal long axis views. Subvalvular apparatus can also be seen in parasternal long axis and apical views. However, transesophageal echocardiography (TEE) is better for assessment of subvalvular apparatus.
Associated Findings
Left atrium enlargement is a common associated finding as a result of decreased forward flow across the stenotic mitral valve. Spontaneous echocontrast and clot can be seen in left atrium by transthoracic echo but better appreciated by TEE (Fig. 7, Video 5) .
Functional tricuspid regurgitation (TR) is commonly associated because of increased right heart pressures but may be due to rheumatic involvement of the tricuspid valve. Tricuspid regurgitation jet can be examined in apical 4 chamber view and application of continuous wave Doppler across TR jet helps in estimating peak pulmonary artery pressures (Fig. 8) . Any other associated lesion like involvement of aortic valve and biventricular function should be assessed in every patient.
Role of Transesophageal Echocardiography
Transesophageal echocardiography is class I recommendation in patients considered for percutaneous balloon mitral valvotomy to rule out LA clot, significant MR and to better assess mitral valve morphology. 6 Transesophageal echocardiography provides excellent images of mitral valve apparatus and provides additional information which may be missed on TTE. Transesophageal echocardiography is more sensitive than transesophageal echocardiography for detection of LA clot. Midesophageal 2 chamber view is commonly used to look for clot in LA appendage (Fig. 9, Video 6 ). Valve morphology (leaflet thickening, calcification) can be seen in midesophageal views (Fig. 10, Video 7) . Thickened, fused chordae can be appreciated in Transgastric 2 chamber view. All the above described indices for estimating severity can be obtained by TEE as well. Intraoperative TEE is an opportunity to confirm preoperative diagnosis, look for any missed finding, and appreciate associated changes. 
Three-Dimensional Echocardiography (Box 7)
Three-dimensional (3D) echocardiography has the potential to become a new clinical standard in modern era for the assessment of mitral stenosis. With advancements in technology, both transthoracic and transesophageal 3D echo probes are available. Examination of mitral valve apparatus can be done either by real time 3D echocardiography or raw data can be acquired and required images can be cropped afterwards for off-line analysis. Image quality can be improved by increasing the frame rates by opting for acquiring 3D data set from 4 to 6 cardiac cycles, which requires ECG gating. Cessation of respiration, electrocautery is required to prevent stitching artifacts. Three-dimensional echocardiography is superior than 2D planimetry for accurate measurement of mitral valve area. While 2D assessment leads to overestimation of mitral valve area, 3D measurements correlate better with invasively derived values in the catheterization laboratory 18, 19 (Gorlin's method). Three-dimensional echocardiography allows better alignment of the imaging plane at mitral leaflet tips, rendering the accurate measurement of the smallest orifice feasible (Fig. 11 , Video 8).
A major advantage of 3D echocardiography is the ability to provide full information for mitral valve assessment from single imaging plane, thus avoiding the need of multiple cut section planes required using 2D echocardiography. Three-dimensional echo, especially 3D TEE is now recommended for assessing the morphology for percutaneous balloon mitral valvotomy. It is also used during the procedure to look for the outcome and complications, if any. There is increased interest nowadays for developing new scores incorporating information from 3D echocardiography for assessing suitability for percutaneous mitral valvotomy. 20 Threedimensional echo can provide vital morphological information like examination of whole length of leaflets, commissural fusion, extent and distribution of leaflet calcification and chordal thickness and separation (Figs 12 to 14, Videos 9 to 11).
Box 7:
Three-dimensional echocardiography (key learning points)
• Both transthoracic and transesophageal 3D probes available.
• Accurate, reproducible estimation od mitral valve area.
• Allows full assessment of mitral valve apparatus from single imaging plane.
•
Better for assessing suitability for percutaneous balloon mitral valvotomy.
• Acquire 3D data set from 4 to 6 cardiac cycles.
• Stop ventilation/respiration and electrocautery temporarily to avoid stitching artifacts.
SUMMARY
Rheumatic heart disease is the most common cause of mitral stenosis. Transthoracic echocardiography is the imaging modality of choice for establishing diagnosis, assessing severity, associated findings and follow-up. Transesophageal echocardiography provides additional information, especially detection of LA clot and assessing suitability for percutaneous balloon valvotomy. Threedimensional echocardiography is being used more commonly nowadays and allows accurate estimation of mitral valve area noninvasively and also helps in assessing suitability for percutaneous balloon mitral valvotomy.
